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Angle-resolved photoemission spectroscopy (ARPES) is typically used to study only the occupied
electronic band structure of a material. Here we use laser-based ARPES to observe a feature in
bismuth-based superconductors that, in contrast, is related to the unoccupied states. Specifically, we
observe a dispersive suppression of intensity cutting across the valence band, which, when compared
with relativistic one-step calculations, can be traced to two final-state gaps in the bands 6 eV above
the Fermi level. This finding opens up possibilities to bring the ultra-high momentum resolution
of existing laser-ARPES instruments to the unoccupied electron states. For cases where the final-
state gap is not the object of study, we find that its effects can be made to vanish under certain
experimental conditions.
Angle-resolved photoemission spectroscopy (ARPES)
is a powerful experimental probe that has been used ex-
tensively to image the occupied electronic states of mate-
rials in an energy- and momentum-resolved manner[1, 2].
Since it is based on Einstein’s photoelectric effect, it
cannot directly probe a material’s unoccupied electronic
states, but it has nevertheless provided signatures of gaps
in the unoccupied states[3–6]. According to the one-step
model[7], some electrons, after absorbing photons, may
have energies which lie between two unoccupied bands.
We call the space between the unoccupied bands a final-
state gap, although this gap may be confined to a limited
momentum range, and disperse within that range. The
photoemission intensity of these electrons is suppressed,
but not suppressed completely, due to the finite widths of
the final states. These finite widths represent the small
chance that electrons interacting with the medium, pri-
marily through electron-hole pair creation and plasmonic
interaction, will have energy within the final-state gap.
Typically, this final-state effect in ARPES is not used
to measure unoccupied states, which are instead mapped
by inverse photoemission[8] or very-low-energy electron
diffraction[5, 9–12].
Here we show that laser-based ARPES[13–15], under
certain conditions, can be used to map final-state gaps
in the electronic states of a material. This method pro-
vides the following advantages with respect to standard
synchrotron-based ARPES: (a) improved momentum res-
olution and greater bulk sensitivity, due to the lower pho-
ton energy range available in laser-ARPES (6–7 eV)[13],
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and (b) access to unoccupied electron states closer to the
Fermi level.
Data are shown for cuprate superconductors
Bi2Sr2CaCu2O8+δ (Bi2212) and Bi2Sr2−xLaxCuO6
(La-Bi2201) along the Γ–Y direction of the Brillouin
zone, using ∼6 eV laser ARPES. In these measurements,
a final-state gap can be seen as a line of suppressed
intensity that disperses in momentum. When the
final-state gap crosses the photoemitted valence band, it
creates a distortion 100–140 meV below the Fermi level,
depending on the photon energy. A second distortion
is seen at 20–50 meV, indicating a second final-state
gap. These measurements are found to match the
calculations of a fully relativistic one-step model, and
they demonstrate the power of existing laser-ARPES
instruments to map unoccupied electronic states in a
momentum-resolved manner.
Single crystals of nearly optimally doped Bi2212 (Tc
= 91 K), La-Bi2201 (Tc = 33 K), and overdoped
Bi1.76Pb0.35Sr1.89CuO6+δ (Pb-Bi2201, Tc ∼ 5 K) were
prepared by the traveling solvent floating zone method.
Samples were cleaved in situ at pressures less than
5× 10−11 torr, and probed by an ultraviolet laser pulse,
tunable around ∼6 eV, generated by quadrupling the fre-
quency of a Ti:sapphire laser[16]. The laser beam is s-
polarized, about 10◦ from normal incidence, in the same
plane as detected electrons. The energy resolution is ∼22
meV and the momentum resolution is ∼0.003 A˚−1.
The computations follow the same method as in Refs.
[17, 18], using a fully relativistic one-step model[7, 19]
with multiple scattering theory used for both initial and
final states, and taking into account effects of the ARPES
matrix element on the photointensity[20–22]. The sur-
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2face potential was modeled as a Rundgren-Malmstro¨m
barrier[23]. Scattering effects were modeled by adding
complex energy- and momentum-independent self-energy
corrections to the initial- and final-state energies. Lastly,
since the computations do not account for band renor-
malization of the spectrum due to electron correlation
effects, dispersions of the low-energy bands were renor-
malized by a factor of Z = 0.4, which is within the range
of 0.28 to 0.5 found in the literature[24]. The poten-
tial for Bi2212 was computed with the linear augmented-
plane-wave method using the WIEN2k package[25] in the
framework of density functional theory.
Figure 1(a) shows an ARPES intensity map as a func-
tion of energy and momentum in the Γ–Y direction (see
inset) for optimally doped Bi2212 at 20K. Two main fea-
tures are apparent at ∼50 and ∼140 meV (see red ar-
rows), both characterized by a suppression of spectral
weight, and the latter feature characterized by an inflec-
tion point in the dispersion. The suppression of spectral
weight becomes clearer at room temperature due to the
broadening of the line shape [see Fig. 1(b)]. Rather than
being localized to a particular momentum or energy, the
suppression extends along two lines cutting diagonally
across the valence band [see the second derivative in the
momentum direction in Fig. 1(c)]. Each line causes
a characteristic distortion where it crosses the valence
band.
In Figure 2, we report the nodal momentum distribu-
tion curve (MDC) dispersions and MDC widths at 20 K
for various photon energies. The MDCs are fitted using
the standard Lorentzian function procedure[26]. In the
MDC widths shown in Fig. 2(a), two clear peaks can
be identified in the ranges of 20–50 and 100–140 meV,
as expected from the lines of suppressed spectral weight
observed in Fig. 1. At all photon energies, the peak in
MDC widths at 100–140 meV roughly corresponds to an
inflection point shown in Fig. 2(b). Although such an in-
flection point superficially resembles the renormalization
of the electronic structure associated with electron-boson
coupling[26], such as the 70 meV kink in cuprates[27],
its photon energy dependence points to a fundamentally
different nature. Furthermore, the renormalization from
electron-boson coupling typically causes a step in the
MDC widths, which is in contrast to the observed peaks
in MDC widths.
To better understand the origin of the suppression of
spectral weight, in Fig. 3 we show data for different sam-
ples and experimental conditions. In panels (a) and (b),
we compare low-temperature measurements of the same
double-layer Bi2212 sample along the Γ–Y and Γ–X di-
rections respectively. The distortion from suppression of
spectral weight is clear along the Γ–Y direction but ab-
sent along the Γ–X direction. Similarly, the suppression
disappears in another sample along Γ–Y after 4 h of laser
exposure on the same spot of the sample surface [see Figs.
3(c)]. The intensity suppression does not disappear af-
ter a similar period of aging unless the sample was also
exposed to light; the data shown in Fig. 2 were from a
sample that had been aged for a few days but not ex-
posed to light. The disappearance of the suppression of
spectral weight is even more stark when the MDC widths
are compared along the Γ–Y and Γ–X directions [see Figs
3(d)]. Peaks in the MDC widths appear along and near
the Γ–Y direction at 50 and 140 meV, but not along the
Γ–X direction. The only feature along Γ–X is a broad
step at 70 meV that is consistent with the electron-boson
coupling widely studied in the literature[27, 28].
The primary distinction between the Γ–X and Γ–Y
directions is the existence of an incommensurate super-
structure modulation along Γ–Y[29, 30], suggesting a re-
lation between the suppression of spectral weight and
the superstructure. This might also explain the absence
of the suppression in the laser-exposed sample, as the
laser may destroy the superstructure near the surface.
Lastly, the importance of the superstructure is corrob-
orated by looking at single-layered La-Bi2201 and Pb-
Bi2201 samples along the (0,0)–(pi,pi) direction [see Figs.
3(e) and 3(f)]. Doping with Pb is known to remove the
superstructure[2]; accordingly, a weak suppression of in-
tensity is seen near 140 meV in La-Bi2201, and no sim-
ilar feature is seen in Pb-Bi2201. Note that since we
observe the feature in single-layer La-Bi2201, which un-
like Bi2212 has no bilayer band splitting[31], this rules
out any explanation based on intensity jumping between
bilayer bands.
In Fig. 4(a), we illustrate a possible mechanism for
the dispersion anomaly here discussed. As in a typ-
ical ARPES experiment, electrons in the material ab-
sorb photons, and escape from the sample, leaving be-
hind holelike quasiparticle excitations. But if we also ac-
count for the final states of the electrons after they have
absorbed photons, some electrons with specific energy
and momenta will fall in the space between unoccupied
bands; this final-state gap falls along a line in momen-
tum and energy. Photoemission within the final-state
gap is suppressed due to a lack of states, although not
suppressed completely, due to the finite widths of the fi-
nal states. Finally, when the photon energy is varied,
the final-state gap crosses the quasiparticle dispersion at
a different point, in line with the observed photon energy
dependence of the spectral weight suppression.
To corroborate this mechanism, we show fully relativis-
tic one-step calculations of the electron final states of
Bi2212 in Figs. 4(b) and 4(c). We find that there is a
final-state gap near the node, ∼6.5 eV above the Fermi
energy, which qualitatively has the correct momentum
dependence along the Γ–Y direction. Furthermore, the
electrons cannot get around the final-state gap through
k⊥, since the nodal quasiparticles have nearly no k⊥ dis-
persion, and the gap exists at all values of k⊥. A similar
final-state gap is also predicted near 6.75 eV, which ex-
plains the two features of intensity suppression in Bi2212.
Lastly, in Fig. 4(d), we show that there is quantitative
agreement between observations of the intensity suppres-
sion near 140 meV, and calculations of the lower final-
state gap. The absolute energies of the calculations are
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FIG. 1. (Color online) ARPES intensity maps of optimally doped Bi2212 at 20K (a) and at 290K (b) along the Γ–Y direction
as shown in the inset. (c) The second derivative of the map in (b) in the momentum direction.
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FIG. 2. (Color online) (a) MDC full width at half maxima
(FWHM) of optimally doped Bi2212 at 20K along Γ–Y, as
measured by various photon energies. (b) MDC dispersions,
with measurements from different photon energies horizon-
tally offset from each other. The red arrows in both (a) and
(b) indicate peaks in the MDC widths.
shifted by 0.7 eV, keeping in mind the inherent uncer-
tainty in the absolute energies of first-principles band
structure calculations.
Although the simulations are overall in good agree-
ment with the experimental data, they do not account
for the superstructure modulation, which appears to be
relevant in the data. The relevance of the superstruc-
ture is suggested by three observations: (a) the inten-
sity suppression is present only along Γ–Y and not Γ–X;
(b) the intensity suppression persists in single-layer La-
Bi2212, but disappears upon Pb substitution (known to
remove the superstructure); and (c) the intensity sup-
pression disappears upon laser exposure. So, while the
experiments seem to suggest that the final-state gaps are
tied to the presence of the superstructure modulation,
the simulations clearly show that the final-state gaps ex-
ist even without the superstructure. We note that in the
calculations, the gap can only be observed if the imag-
inary part of the self-energy (i.e., half the width of the
intensity peaks) is less than 0.4 eV. Therefore, one pos-
sible explanation for the data is that the superstructure
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FIG. 3. (Color online) Raw ARPES intensity maps of Bi2212
at 20 K along the Γ–Y direction (a), the Γ–X direction (b),
and again along Γ–Y after 4 h of laser exposure (c). (c) is
broader than (a, b) due to sample differences rather than due
to laser exposure. (d) The MDC widths of the maps in (a,
b). The inset shows half of the first Brillouin zone, and the
momentum locations of the observed suppression of spectral
weight. (e, f) Raw ARPES intensity maps of La-Bi2201 and
overdoped Pb-Bi2201.
has no effect on the final-state gap in the Γ–Y direction,
but broadens the gap in the Γ–X direction, rendering it
invisible. Within this picture, the overdoped Pb-Bi2201
and the laser-exposed Bi2212 may also have imaginary
self-energy greater than 0.4 eV near the final-state gap,
rendering it invisible in those samples as well. In any
case, the vanishing property of the dispersion anomaly
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FIG. 4. (Color online) (a) An illustration of how the valence band absorbs a photon, and is distorted by the presence of two
final-state gaps. Two different photon energies are shown to illustrate how this affects the location of the distortion relative
to the valence band. (b) The dispersion of Bi2212 along the Γ–Y direction, with k⊥ held at zero. (c) The k⊥ dispersion of
Bi2212 at the node. The gray bars in (b) and (c) indicate the main candidate for the lower final-state gap, while the lighter
blue bars indicate a candidate for the upper final-state gap. (d) A comparison of the calculated energy of the lower final-state
gap to the energy where intensity suppression is found experimentally, by looking at peaks in the MDC widths. The absolute
computed final-state energies have been shifted by -0.7 eV to best fit the experimental data. Error bars on the experimental
measurements are estimated by the difference between the energy of greatest MDC width, and the inflection point of the MDC
dispersion.
may explain why it has not been shown in previous liter-
ature (although one study observed a similar feature and
did not comment on it[32]). In an ordinary ARPES ex-
periment, the anomaly will be quickly destroyed by the
laser exposure, and thus the anomaly may at first ap-
pear unreproducible. The disappearance of the anomaly
may also have practical use, as some experiments may
wish to focus on, for example, the 70 meV electron-boson
kink, which is somewhat confounded when the dispersion
anomaly is present.
Our observation of a final-state gap in Bi2212 and La-
Bi2201 provides a model for addressing similar features
in other materials with laser ARPES. While final-state
gaps have been observed with non-laser-based ARPES,
observations with laser-ARPES open up new possibili-
ties. Indeed, while other light sources can probe unoc-
cupied states high above the Fermi energy, laser ARPES
probes energies between the sample’s workfunction and
6–7 eV above the Fermi energy. It is also possible that
the improved bulk sensitivity of laser ARPES resolves the
final-state gaps more sharply, since it would reduce the
role of evanescent surface states[4]. Lastly, the greater
momentum resolution of laser ARPES can be used to
better resolve the dispersion of the final-state gap, or the
final-state gap may be used to resolve the k⊥ dispersion.
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